Abstract Behavioral analysis is a high-end read-out of aging impact on an organism, and here, we have analyzed behaviors in 4-, 22-, and 28-month-old male C57BL/6J with a broad range of tests. For comparison, a group of 28-month-old males maintained on dietary restriction (DR) was included. The most conspicuous alteration was the decline in exploration activity with advancing age. Aging also affected other behaviors such as motor skill acquisition and grip strength, in contrast to latency to thermal stimuli and visual placement which were unchanged. Object recognition tests revealed intact working memory at 28 months while memory recollection was impaired already at 22 months. Comparison with female C57BL/6J (Fahlström et al., Neurobiol Aging 32:1868-1880 revealed that alterations in aged males and females are similar and that several of the behavioral indices correlate with age in both sexes. Moreover, we examined if behavioral indices in 22-month-old males could predict remaining life span as suggested in the study by Ingram and Reynolds (Exp Aging Res 12(3): [155][156][157][158][159][160][161][162] 1986) and found that exploratory activity and motor skills accounted for up to 65% of the variance. Consistent with that a high level of exploratory activity and preserved motor capacity indicated a long post-test survival, 28-month-old males maintained on DR were more successful in such tests than ad libitum fed agematched males. In summary, aged C57BL/6J males are marked by a reduced exploratory activity, an alteration that DR impedes. In light of recently published data, we discuss if a diminishing drive to explore may associate with aging-related impairment of central aminergic pathways.
Introduction
Rodents are used as models for human diseases, and during the twentieth century, a number of rodent mouse strain were introduced (Fox 1965; Irwin et al. 1968 ), many of which are still in use (http://ncrr.nih.gov/ comparative_medicine/resource_directory/rodents.asp or http://research.jax.org/repository/index.html) (Bucan and Abel 2002; Chia et al. 2005; Taft et al. 2006; Mekada et al. 2009 ). Early-on efforts were made to characterize the behavior of rodent models by systematic testing and results from this work stressed inter-strain behavioral differences (Thompson 1953; Southwick and Clark 1968) . The introduction of techniques to engineer targeted gene modifications led to a demand on a batch-like approach to speedily characterize phenotypic changes (caused by a genetic modification), including organism behavior. This impetus generated today widely accepted behavioral test batteries (e.g., SHIRPA and EMPReSS, http:// empress.har.mrc.ac.uk/; Rogers et al. 1997; Paigen and Eppig 2000; Moldin et al. 2001; Karl et al. 2003) which essentially capitalized on already existing behavioral testing protocols, arranged them into comprehensive batteries followed by validation across laboratories (idem). Because targeted gene modifications have been easier to do in the mouse, this is now the dominating rodent model of human diseases. Over the past decade, the accumulation of behavioral data generated for, in particular C57BL/6 substrains, has rapidly accelerated which among other things has re-emphasized (see above) the importance of using genetically welldefined mouse models (Rogers et al. 1999; Crabbe et al. 1999; Bothe et al. 2004; Bryant et al. 2008; Crusio et al. 2009; Matsuo et al. 2010) . However, most of the data generated so far concern adult mice and developmental aspects, while behavioral characterization of aging in mice is scarcer (Sprott and Eleftheriou 1974; Goodrick 1967 Goodrick , 1973 Goodrick , 1975 Dean et al. 1981; Ingram and Reynolds 1986; Ingram et al. 1982 Ingram et al. , 1981 Lau et al. 2008 ; see also Collier and Coleman 1991; Ingram 1988; Ingram and Jucker 1999) . Rodent models have proven to be very important in aging research, and combined with work on simpler organism models, our insights have greatly expanded (over the past decades) concerning mechanisms governing life span, aging-related impairments, and the biology of normal aging. In a recent report on behavioral changes in aging female C57BL/6 (Fahlström et al. 2011) , we concluded that the decline in drive to explore is a key factor underlying many aspects of reduced behavioral performance during aging. Although a gradual decline in exploratory activity was noted in several earlier publications (Goodrick 1967 (Goodrick , 1973 (Goodrick , 1975 Sprott and Eleftheriou 1974; Dean et al. 1981; Ingram et al. 1981 Ingram et al. , 1982 Ingram and Reynolds 1986; Forster et al. 1996; Lau et al. 2008) , this conspicuous alteration in mouse behavior during aging has attracted only modest attention. The present study was initiated to answer (1) if aging modulates behaviors in male as it does in female C57BL/6, if (2) behavioral indices in early aging can predict remaining life span, and (3) to characterize differences in behaviors of ad libitum fed and dietary restricted (70% of ad libitum) aged male C57BL/6.
Materials and methods

Animals
All animals used were offsprings to pregnant C57BL/6J (http://jaxmice.jax.org/strain/005304.html) delivered from Charles River, Germany, during [2007] [2008] [2009] . All animals were purchased as specified pathogenfree (SPF) animals and kept under standardized conditions in the animal facility at the Department of Neuroscience, Karolinska Institutet. Health monitoring, according to the FELASA recommendations (http://www.felasa.org/recommendations.htm), showed that the animals were free of pathogens with the exceptions of Helicobacter spp. The animal facility is under the supervision of a laboratory animal veterinarian. Postpartum, offsprings were cared for by their mothers until weaning at days 20-23; postweaning male offsprings were arranged in sibling groups and kept in a Makrolon™, M3, cages (Techniplast, Buguggiate, Varese, Italy), provided with woodchip standard bedding material (Tapvei, Kortteinen, Finland), a card board house, and nesting material (paper). Cages were cleaned once a week, and the animals were inspected on a daily basis. Room temperature was kept at 21±0.2°C and relative humidity at 50±5% (variance estimates based on continuous records during 1 month). A 12:12-h light/ dark cycle was used with a dawn and dusk system of 0.5 h each. A radio was used as background noise.
Food and water were served ad libitum (AL) and changed once a week at about 10 AM. All animals were fed commercially available food pellets (Lactamin R34, Lantmannen, Sweden). Animals were weighed at regular intervals (every other week or once a month). Animals maintained on a dietary restriction (DR) received 70% of the intake recorded for AL-fed animals. Animals on DR were drawn from the same colony as those fed AL and were maintained on this regime from the age of 3 months. To avoid single housing, the food was served once a day, a regime that allows all animals to fed and brings down the animal-to-animal body weight variation among cage litter members (Altun et al. 2007) . In C57Bl/6J, there appears to be no difference in life-extending effect of DR between group-held and single-housed animals (Ikeno et al. 2005) .
We used a cross-sectional age cohort design (Table 1) , with two groups of young adult, one group in "early aging" at 22 months and one group at advanced age, 28 months. In addition, one group of 28-month-old males maintained on DR was included. When behavioral testing begun, whole body weight was recorded for the animals in the different groups, see Table 1 . Following completion of the testing, the 22-month mice had their death recorded by the date until all had died (by December 2010).
Behavioral testing
Animals were allowed to acclimatize to the behavior laboratory for at least 90 min prior to testing. Test sessions occurred during day time (9 AM-5 PM), i.e., during the light period of the 24-h cycle, and each test occurred at the same time of the day with only small variations across cohorts. The same two observers were present throughout all sessions. The observers were placed in standard positions on both sides of the test platform. Sessions were video-recorded for post hoc analysis or verification of manually recorded data. The different tests were imposed in a sequence with interludes as indicated in Table 2 (McIlwain et al. 2001) . All tests are standard test briefly described below and in greater detail in literature cited. All age groups were tested in sequence in the following order: 4-, 22-, 28-(AL), 28-(DR), and 4-month-old mice. The purpose with starting and ending with a 4-monthold mice group was to control the consistency across the test period.
Elevated plus maze Elevated plus maze (EPM) relies on the animal's preference for dark and enclosed spaces over bright, exposed spaces and involves a conflict between the desire to explore and the anxiety of exposure and height (Lau et al. 2008) . The EPM has a centrally placed open platform (height above floor 50 cm) from which four 30-cm-long arms extend, two open (i.e., without walls) and two closed (i.e., with 30-cm-high walls) (Lister 1987; Montgomery 1958; Pellow et al. 1985; Walf and Frye 2007; Fahlström et al. 2011 ). The following behaviors were recorded during 300 s: time spent in closed arms (CA) and open arms (OA), respectively; ambulation into the CA and OA Open field and assessment of mobility, exploration, and habituation (Actimot detection system, TSE, Germany) This apparatus was used to assess behavior including horizontal locomotor activity and rears (vertical movements), enabling examination of exploration (exploration track; Fig. S1 ) as well as habituation (Diaz Heijtz et al. 2004 ). The first 3 min was used to assess the behavior in a novel open field (OF) while the extended recording (60 min) was used to assess locomotion and pattern of habituation (locomotor activity).
Dark and light arena transition test (TSE, Germany)
The same detection system was used as above, but the arena consisted of two Plexiglas chambers connected by a small opening (2×2 in.). One part of the arena was dark (<10 lux, stray light from the illuminated arena), while the light arena was illuminated by 400 lux. The mice were placed in the light arena and the following indices were recorded during 300 s: latency to enter the dark arena, exploration track (Fig. 3) , and locomotor activity in respective arena.
Object recognition Two related versions of object recognition (OR) were used, one designed to evaluate working memory (OR1) (Ennaceur and Delacour 1988) and one to evaluate memory consolidation (OR2) (Fernandez et al. 2008) . Following habituation and pretrial (see Fahlström et al. 2009 ), the time and number of visits to the two objects were recorded, and the preference for the novel object was calculated as (N−F/(F+N)). Latency between pretrial and probe trial was 1 min. One week later, the age groups were tested with the OR2. In this OR test, following habituation and pretrial (Fahlström et al. 2011) , the animal was allowed to explore the objects until 10 s had been spent at the objects. In the OR2 test, the latency between pretrial and probe trial was 24 h. The cutoff time was set at 15 min. Object preference was derived directly from the fraction of the 10 s spent at each object.
Rotarod (LE8200, LSI Letica, Scientific Instruments, Spain) In the rotarod (RR) experiments, we followed the protocol available at http://empress.har.mrc.ac.uk/ with the exception that routinely a fourth test round was included (Carter et al. 2001 ). Time to fall-off and speed at fall-off was recorded. Two 4-month-old animals that jumped off were discarded in this test.
Beam balance Beam balance was used to assess motor coordination and balance as described in (Altun et al. 2007; Clifton et al. 1991) . Speed and number of limb misplacements (slips) were recorded. In addition, the performance (beam score) on the beam was ranked 1 (best)-5 (worst) adopted from Clifton et al. (1991) ; all animals were given a score regardless if they failed or not in the beam walk test.
Grip strength (body suspension test) Grip strength (body suspension test) as described at http://empress. har.mrc.ac.uk/ was used to assess forelimb muscle strength (Metz and Schwab 2004) .
Hot plate Hot plate test was used to assess nociceptive threshold (Altun et al. 2007; Espejo and Mir 1993; Langerman et al. 1995) . The animal was placed on the heated surface (52°C) until it licked paws, stamped, jumped, or vocalized. The time lapse between placement and reaction was recorded as response latency. The cutoff time was set at 30 s to avoid tissue damage.
Visual placement (see http://empress.har.mrc.ac.uk/) and (Metz and Schwab 2004) A score of 2, 1, or 0 was given depending on the reaction.
Statistical processing of data
Comparisons of experimental groups were carried out with analysis of variance (ANOVA) and Bonferroni's post hoc test (multiple comparison of all groups; twotailed test). Record series of repeated measurement were analyzed for differences between groups by ANOVA for repeated measurements. Changes within a group across trials were analyzed using Friedman's ANOVA and Kendall's concordance. Correlation of two parameters (interval scale) was accomplished using least square linear regression and calculation of the fraction of explained variance (r 2 ) or by Spearman rank-order correlation (ordinal scale and interval scale). Values indicated in the running text and figure legends are mean±SEM. Statistical significance levels were set to: *=p<0.05; **=p<0.01; ***=p<0.001. The statistics analyses described above were performed using Statistica 6.1 (StatSoft, Tulsa, OK, USA).
The capacity to predict remaining life span of behavioral indices recorded at 22 months was analyzed by repeated linear regression and calculation of the adjusted coefficient of determination (R 2 ) with α≤0.01 as threshold (for further details, see Supplemented materials and Fig. S3 ). In the latter analysis, we used case-wise censoring if a data entry was missing in the behavioral analysis. Calculations to predict remaining life span were done using custom written software in Mathematica 8.0 (Wolfram Research, Champaign, IL, USA).
Results
Elevated plus maze
Four-month-old males spent about the same amount of time on the central platform, in the opened and the closed arms, respectively, and showed no clear preference to entry into the closed arms vs. open arms (Fig. 1a) . In the 22-and 28-month-old mice groups, there was a dramatic reduction in exploratory activity, in particular, entries to and time spent in the open arms. In aged DR males, time spent and number of entries into the arms were not significantly different from young adults.
Dark and light arena transitions
Latency to enter the dark arena did not change significantly across adult life span, but aged DR males showed an increased latency (Fig. 2) . Twentyeight-month-old males maintained on DR or AL spent more time in the light than dark compartment; however, their behavior was quite different (Fig. 3) . While aged DR males with one exception were almost as active as 4-month-old males and navigated the full dark and light arenas (all eight corners), aged AL males often failed to accomplish this and in two cases spent all 300 s in the light arena.
Open field and locomotor activity (AM)
Exploratory activity was assessed during 180 s in an open field arena. Locomotion and rears decreased with age, and more time was spent as inactive (Fig. 4) . Aged males maintained on DR and 22-month-old mice both showed an activity pattern in-between young adults and aged males fed AL. Locomotion, rears, and exploration tracks were also recorded over a 60-min period in the OF arena (Figs. 5 and S1 ). Initially all groups with aged mice deviated significantly from the 4-month-old mice. During the second 10-min period, aged DR males were indistinguishable from 4-month-old mice, and at later time points, both the frequency of rears and the distance covered in the central field of the arena tended to exceed those recorded for 4-month-old mice (Figs. 5 and S1). In contrast, 28-month-old AL mice were less active and diverted significantly from 4-month-old at almost every time point (Fig. 5) . The behavioral indices of 22-month-old mice was inbetween the two former age groups, suggesting that the decline in activity is a gradual process (Figs. 5 and S2). After the initial peak of activity, habituation set in and activity declined in all age groups but was less marked in the aged DR group (Fig. 5 ).
Sensorimotor tests
Visual placement reaction showed no impairment with advancing age (data not shown), and the response latency to noxious thermal stimulation (hot plate) did not differ significantly between age groups (Fig. 6a) . Forelimb grip strength showed a marked decrease in all aged mice groups (Fig. 6b) . The increase in whole body weight from 4 to 22 months (Table 1) probably explains some of this difference, but body weight cannot explain the low values recorded for aged DR mice nor the difference between 22-and 28-month-old AL mice. If body weight was accounted for (for details, see Supplemented materials, Fig. S5 ), the residual variances still showed that grip strength decreases significantly with age. However, with this analytical approach, the aged animals on DR performed the worst due to their low body weight (Table 1 ; see also "Discussion"). Beam walk speed was used to assess motor skills and coordination (Fig. 6c) , and locomotion was significantly slower in all groups of aged mice including DR males. Two of the 28-month-old males failed entirely to walk on the beam. Consistent with the decline in speed, aged mice received poor beam balance score (Fig. 6d) .
Motor coordination and motor skill acquisition were further examined with the RR (Fig. 7) . All age groups except the 28-month-old AL males showed some consistent improvement across trials and after the first trial aged DR males performed similar to 4-month-old males. The performance of the 28-monthold AL males was significantly poorer than 4-monthold males in both trials 3 and 4 (Fig. 7) . As in the grip-strength test analysis (above), we also examined the impact of body weight on the read-out of the RR test and obtained a result overall close to the original analysis (cf. Figs. 7 and S6 ).
Object recognition tests
Working memory was assessed with an object recognition test (OR1), and the 28-month-old mice managed this test as well as 4-month-old did (Fig. 8a,  b) . The 22-month-old mice did also spend significantly more time at the novel object; however, the difference in object preference was not as large as in the other groups. Under the first 10 min, all groups of aged mice had a lower level of activity than adults (a-d). After this initial period, 28-month-old DR mice showed an exploratory activity similar to young adult mice. At later time points, they showed less habituation than young adults and continued to explore all regions of the arena (a-d; see also Fig. S1 ). The level of activity among 22-month-old mice was in-between adults and 28-month-old mice, while the latter group consistently showed less activity throughout the test period. Values indicated are mean ±SEM. Statistical significance: *p<0.05; **p<0.01; ***p<0.001
A variant of the same test was used to analyze memory consolidation (OR2; 24-h delay). The OR2 revealed that both the 22-and the 28-month-old AL mice as well as the 28-month-old DR mice were unable to distinguish the novel object from the familiar object after a 24-h delay (Fig. 8c, d ). In contrast, both groups of 4-month-old males showed a significant preference for the novel object.
Can behavioral indices recorded during aging predict remaining life span?
Inspired by an earlier report (Ingram and Reynolds 1986) , we explored if behavioral indices recorded at 22 months of age could predict remaining life span. To this end, we recorded all deaths (post-testing) in the 22-month-old group by the date. The (posttesting) survival varied from 91 to 438 days, with a mean of 256 days. We then examined to what extent differences in test results or body weight (Table 1) could account for the variances in post-test survival using a multiple linear regression approach (further information is available in Supplemented materials and Fig. S5 ). Predictive power was assessed by calculation of the adjusted coefficient of determination, and in this iterative analytical process, we experienced very little gain by increasing the complexity beyond three variables (Fig. S3) . The top results of this exercise using one (60-65% explained variance in survival), two (70-80% explained variance), or three variables (>90% explained variance) are listed in Table 3 (Fig. S4) . It is interesting that models with the strongest predictive power all included test indices of exploration. Thus, large number of entries into the closed arm or a large total number of arm entries in the EPM at 22 months predict a long post-test survival. In contrast, sheltering in the closed arm correlated inversely with post-test survival. It seems therefore plausible to conclude that reduced exploratory behavior reflects biological aging in mice. As evident in Table 3 , also motor skills and muscle strength above average predicted a longer post-test survival. The regression coefficients (β) seem remarkably consistent between the different Fig. 6 Changes across adult life span in sensorimotor behavior. a Thermal nociceptive threshold tested by "hot plate," b forelimb grip strength assessed by the grip strength test, and c, d locomotor speed and quality score assessment of the behavior, respectively, on the beam. Values indicated are mean±SEM. Statistical significance: *p<0.05; **p<0.01; ***p<0.001 models (Table 3) . However, the positive effect of body weight appears to be conditioned to other positive features such as exploratory behavior and grip strength; in fact, R 2 for weight alone was negative (see also "Discussion " and Ingram 1988; Ingram and Reynolds 1987) .
Consistency of the testing across this study
The young adult mice were drawn from the same colony and split in two groups to serve as a build-in control of test consistency in this study (see "Material and methods"). Analysis of variance of these two groups across the test battery revealed no difference between groups greater than chance (multivariate ANOVA; Wilks p=0.527). The difference recorded in the hot plate test (Fig. 6a ) would have been significant had it been a single test situation. Thus, we conclude that the tests conditions and the tests used in this study were, perhaps with the exception of the hot plate test, robust.
Discussion
Decline in exploratory activity marks the aging C57BL/6J male mouse Male C57BL/6J mice are active explorers in early adulthood, and the results of adult male mice in the test battery (recorded here) are in line with data published by Crabbe et al. (1999) , Wahlsten et al. (2003) , and Matsuo et al. (2010) . The most conspicuous alteration in behavior during aging is the decline in exploratory activity (Figs. 1, 2 , 3, 4, and 5), a change noted by several investigators (Goodrick 1967 (Goodrick , 1973 (Goodrick , 1975 Sprott and Eleftheriou 1974; Dean et al. 1981; Ingram et al. 1981; Ingram et al. 1982; Ingram and Reynolds 1986; Forster et al. 1996; Lau et al. 2008) . The drive to explore is a fundamental behavior that likely impact other behaviors when affected (see below and Fahlström et al. 2011) , and the decline is a gradual process clearly evident at 22 months that deteriorates further in advanced age. Although the functional domain of the brain responsible for decisions underlying exploration behavior has yet not been revealed, experimental work suggests that in mammals these processes reside in the prefrontal cortex and that (projections to the prefrontal cortex of) the ascending locus coeruleus-norepinephrine system modulates these processes (reviewed in Aston-Jones and Cohen 2005). Just recently, this concept gained further support from work in Caenorhabditis elegans (Bendesky et al. 2011) showing that the decision to explore (in a foraging choice situation) is governed by catecholamine signaling. This is of considerable interest since the central aminergic systems (at least) in rodents are vulnerable to aging with overt signs of axon terminal loss and neuroaxonal dystrophy (Johnson et al. 1993; Cowen et al. 2005; van Luijtelaar et al. 1988) . As discussed below, high exploratory activity also correlates positively with long post-testing survival expectancy.
With advancing age, also other behaviors are affected. Skilled motor performance assessed in the beam and rotarod tests declines as do grip strength (Figs. 6b and 7) (see also Dean et al. 1981; Ingram 1988 ). However, some behaviors are well-preserved in advanced age as the placement reaction and hot plate latency, suggesting that sensorimotor mechanisms underlying these behaviors are intact. Furthermore, both 22-and 28-month-old males managed as well as young adults in Fig. 7 Rotarod performance across adult life span. Key to age groups in graph. Data points were interconnected to ease tracing of each series. Young adult mice, 22 and 28 months old on DR all showed some improvement across trial. In the 28-month-old group of ad libitum fed mice, the improvement was minimal and this group performed significantly worse than young adults in trials 3 and 4. As indicated in Table 2 , two 4-month-old mice jumped off the RR and were discarded from this test. Values indicated are mean±SEM. Statistical significance: *p<0.05; **p<0.01; ***p<0.001 the object recognition test of working memory (Fig. 8) . The sparing of non-spatial working memory also in advanced age confirms and extends Benice et al. (2006) observation that memory function is intact in 18-20-month-old male and female C57BL/6J mice (see also Dean et al. 1981) . In contrast, object memory consolidation was impaired in both 22-and 28-month-old male mice examined here (Fig. 8) . The impairment of a delayed memory recall in aged C57BL/6J is in line with several reports using different test to probe memory recall function (Dean et al. 1981; Benice et al. 2006; Frick et al. 2000; Forster et al. 1996) .
Dietary restriction modulates behavioral alterations seen in aging ad libitum fed mice
Reducing calorie intake by manipulation of diet formulas or food restriction (DR) is the most universal regime to challenge the process of aging (McCay et al. 1989; Stunkard 1983 ; see recent reviews by Anderson and Weindruch 2010; Baur et al. 2010) . The detailed mechanism(s) by which food restriction modulates aging remains largely unknown, but it increases health span and life span by curbing morbidity and by modulating (basal) metabolism (reviewed in Guarente and Picard 2005) . Food restriction impacts organismal behavior not only by preserving adult behaviors into advanced age Reynolds 1983, 1987; Idrobo et al. 1987) but apparently also by "setting" the level of basal physical activity already in young adulthood (Weed et al. 1997; McCarter et al. 1997; Holloszy and Schechtman 1991; Chen et al. 2005) . We included a group of 28-month-old male mice maintained on a modest DR regime (30% reduction of ad libitum consumption) for comparison. In related work, we have shown that a 30% food restriction increases the (median) expected life span by about 20-25% (Altun et al. 2007; Fahlström et al., Fig. 8 Working memory and memory consolidation. a Pretrial on working memory with two identical objects (left and right). Fraction of the time spent at each object on the ordinate, while object position is displayed on the abscissa. Key to age group in a. b Probe trial with familiar and novel object and all age groups show a preference for the novel object (p<0.05 and p <0.01). c The pretrial of the object memory consolidation test and d probe trial after 24 h disclosing that the aged mice were unsuccessful to retain the memory of the familiar object while 4-month-old male mice managed this task unpublished results), for C57BL/6 from about 30 to 36 months.
The 28-month-old DR mice were markedly different from the AL-fed age-matched controls in all tests with an exploratory component (Figs. 1, 2, 3 , and 4) and in locomotor activity as well as adaptive motor performance (Figs. 5 and 7) . In several aspects, they were indistinguishable from young adult male mice. However, on closer inspection, there were qualitative differences between young adult and aged DR males behaviors; for example, in the dark and light arena transition test, aged DR males covered a larger distance and used more time to explore the light compartment ( Figs. 1 and 2) , and in the locomotor test (Figs. 4 and S1-S2 ), DR animals were more active in the central field, thus did not show the same preference for the peripheral field as did young adults and aged AL-fed mice. Finally, aged males on DR did not show the same degree of habituation over time in the locomotion activity test (Fig. 5) . In contrast to these distinct effects, the DR regime used here did not impede the devastating effects of aging on grip strength, beam balance, or delayed object memory recollection (OR2; Figs. 6b, d and 8) . The beneficial effects of DR on memory-dependent behaviors remain somewhat controversial (Burger et al. 2010; Minor et al. 2008; Fontan-Lozano et al. 2007; Mattson 2010) , and it cannot be excluded that particularities of different DR regimes alone or interacting with strain (genetic) differences account for these differences.
Correlations among tests within and across age groups
When using a range of tests to behaviorally characterize mice, cross-correlation analysis of the results is helpful to assess if tests are complementary or if they measure same underlying properties of an organism's behavior (e.g., Ingram 1996; Ingram 1988; Wahlsten et al. 2003; Fahlström et al. 2011) . Within age group, cross-correlation analysis of the mice studied here revealed that results from sensorimotor and rotarod tests did not correlate consistently with the outcome of the exploratory tests in young adult males (EPM, OF, dark-light transition, or OR). In contrast, among tests with an exploratory component, consistent crosscorrelations were observed such as males that were active in the EPM and made multiple entries into the OA also were very active, including exploration of the central field, in the OF and locomotor tests (Supplementary Table S1 -S2). Mice that spent more time in the CA and made fewer entries to the OA of the EPM also avoided the central field of the OF arena and showed a preference for the dark compartment in the dark and light transition test. Although the level of exploratory activity was significantly reduced in 22-month-old males (Figs. 1, 3, and S2) , the correlations among exploratory indices were similar as in young adult mice (Table S2) . However, some differences were noted, for example, the capacity to manage the rotarod in the first trial correlated positively with activity level in the EPM. This incipient change in cross-correlation pattern became overt in the 28-month-old AL-fed mice. In this age group, only few variables of the tests with an exploratory component cross-correlated, while fairly strong cross-correlation became evident between indices of the sensorimotor test and different exploratory indices (Table S2 ). In contrast, among aged males maintained on DR cross-correlations among test variables were in close agreement with those seen in young adult males
The EPM, light and dark arena transition test, and OF test, all share that they involve a conflict between the desire to explore and the anxiety of exposure or height (see "Materials and methods"). Among the young adult mice, there were individuals with a "daring" or an "anxious" behavioral profile as judged by the correlations among tests with explorative and anxiety components (see above), a pattern that was not as evident in the 28-month-old mice. A comparison between the 4-and 28-month-old mice across tests with an anxiety component is not conclusive because the results varied from test to test. For example, the EPM read-outs suggest an increased level of anxiety among the 28-month-old mice cf. 4 month old (Fig. 1) ; however, in the light and dark arena transition test, the latency to escape into the dark compartment tended to be longer in aged mice and, furthermore, aged mice spent more time to explore the light compartment (Fig. 3) . Earlier studies on aging-related behavioral changes in rodents, using the number of deposits and/or urinations as indicators of stress/anxiety level during behavioral testing, showed that anxiety level did not change with advancing age (Edstrom and Ulfhake 2005; Altun et al. 2007 ).
Comparison of behavioral changes during aging in female and male C57BL/6
Behavioral analysis of adult C57BL/6J have mainly considered male mice; however, a few studies included both genders and reported no effect of sex in the tests used for behavioral phenotyping (Wahlsten et al. 2003; Lau et al. 2008) . Corresponding data on possible gender differences during aging are even scarcer; Wax and Goodrick (1978) studied wheel running in males and females of two different mouse strains and concluded that although there were differences between strains, they saw no effect of gender within strains. Also in the study by Dean et al. (1981) , no differences were noted between sexes. Comparison of the results obtained in male C57BL/6J here with recently published behavioral assessments of female C57BL/6 (Fahlström et al. 2011) reveal that alterations evident in 28-month-old male and female mice are very similar. In general, exploration activities decline progressively during aging and are conspicuous at 28 months in both sexes (cf. Figs. 4 and 5 of Fahlström et al. 2011 ). Many capacities assessed by the sensorimotor tests are reduced to a similar extent with advancing age in both genders (cf. Figs. 6 and 7 in this study with Figs. 7-9 in Fahlström et al. 2011) or not affected by aging in either sex (thermal nociceptive threshold). Thus, changes of several behavioral indices correlate with age in both male and female C57BL/6 (Table 4) . Males and females showed no impairment of working memory at 28 months (OR1; cf. Fig. 8 with Fig. 10 in Fahlström et al. 2011) while at this age both genders failed in the object memory consolidation test (OR2; cf. Fig. 8 and Fig. 11 in Fahlström et al. 2011) . The lack of a gender difference in object recognition tests appears to be at variance with the accumulating body of evidence suggesting a gender difference in cognitive decline and memory function in early senescence (22-24 months old), considered caused by the cessation of reproduction and decreased systemic levels of gonadal hormones in females (reviewed in For each number of predictors (1, 2, and 3), the two best performing models are listed. All these models include at least one exploratory component. Combining exploratory variables with data of motor function increased the predictive ability. Several of the top performing models included weight as a positive predictor, and two weight models are also listed. The model with whole body weight and number of entries into the closed arm (EPM) is the third best model for k=2, and the model with weight, number of rears in OF, and grip strength is the sixth best for k=3. Frick 2009). The current study and the previous study by Fahlström et al. (2011) were not designed specifically to address the issue of a gender difference in early aging and at advanced age studies agree that both sexes are affected. However, there are some gender differences among the animals used here and in the study by Fahlström et al. (2011) evident in results of the EPM (cf. Fig. 1 in this study with Fig. 4 in Fahlström et al. 2011) . While total number of arm entries was similar in young adults of both genders, females showed a strong preference for the closed arms (∼80%) not evident in males (∼50%). The decline in arm entries with advancing age had the same magnitude in both genders (−60% to −70%) but affected entries into the OA the most in males. Thus, in the EPM, aged males are more similar to aged females than young adult males to age-matched females. This observation and earlier notification of differences in aggressive behavior between genders in adulthood (Van Loo et al. 2003) deserves further attention and suggests that a test capturing secondary manifestations of sexual differentiation should be included in a primary behavioral screen of genetically modified mice.
Biological and chronological age and prediction of remaining life span from behavioral indices in early senescence
The pace of aging and the expected life span varies among individuals (Ulfhake et al. 2002; Collier and Coleman 1991) also in inbred mice strains such as C57BL/6J (Ingram 1988) . Individual trajectories of aging are shaped by the genetic makeup, the environment, and interactions on the epigenetic level, and as a consequence, biological age is in part dissociated from chronological age of an organism. The search for markers of biological age in chronologically age-matched populations has attracted considerable interest in research on human but also in rodent aging (Swindell et al. 2008 and references therein). Behavioral changes/impairments can be considered a high-end read-out of aging impacts on the organism, and a few studies have analyzed the capacity of behavioral indices to predict (remaining) life span (Wax and Goodrick 1978; Ingram et al. 1982; Ingram and Reynolds 1987) . Ingram and Reynolds (1987) assessed predictive value of behavioral indices in aging C57BL/6J males and found linear relations between life span and several of the test indices (exploratory and locomotor activity and grip strength) which combined, using multiple regression analysis, accounted for about 40% of the differences in observed life span. Consistent with this, we found that tests holding an exploration component were somewhat more powerful to predict remaining life span (EPM>OF) than motor skills and muscle strength (RR>grip strength) ( Table 3 ). The linear correlations obtained here were stronger than those seen among the mice analyzed by Ingram and Reynolds (1987) , and another difference between studies was that RR (here executed according to the protocol of EMPReSS; but with four trials instead of three) in the present study showed a fairly high linear correlation with remaining life span. It cannot be excluded that this discrepancy was caused by differences in RR platform and protocol used in the two studies; this is in fact plausible since the two studies agree on that other indices of high locomotor activity correlate positively with life span. In the present study, the best single indices could explain 60-65% of the observed variances in life span, combining two indices (multivariate approach; see Supplemented materials) generated linear models that could account All correlations except those indicated in italics are significant at p <0.05 a Data on female C57BL/6 adopted from Fahlström et al. (2011) and unpublished observations (Fahlström et al., personal communication) for 70-80% and models with three indices-92-93% of the variances in remaining life span (Table 3 ). An important observation made here was that the best models (based on one, two, or three indices) all held at least one exploratory component, suggesting that alterations in exploration activity reflect important underlying modulations caused by biological aging (see also above). In this study, whole body weight (Table 1) Ingram 1988; Ingram and Reynolds 1987) ; however, whole body weight was a useful measure to predict remaining life span when combined with behavioral indices (see "Results" and Table 3 ) in this age cohort. As evident in Tables S1  and S2 , whole body weight did not correlate significantly with any of the recorded behavioral indices within age groups. The impact of whole body weight on behavioral indices such as grip strength and RR was limited and could not account for the pattern of changes observed across age groups (cf. Figs. 6b and S5, 7 and S6, respectively). Since whole body weight is a compounded measure, it may be ill-suited to use in this context. A measure which reflects changes in body composition across life span, such as lean body mass, muscle mass-to-whole body mass, or MRI/DXA, is probably better (see also Edstrom and Ulfhake 2005; Altun et al. 2007) . Although the latter methods are more laborious or expensive, we strongly recommend such measures to be included in future studies.
Consistent with that individuals with a high level of spontaneous exploratory activity and relatively preserved capacity to manage motor tests such as RR and grip strength test were the most long-lived among the 22-month-old male C57BL/6J, 28-monthold males maintained on dietary restriction which challenge normal aging and extend expected survival (see above) performed much better than ad libitum fed age-matched males in these tests and, moreover, were almost indistinguishable from young adults in the EPM, locomotor test, and rotarod (Figs. 1, 5, 7 , and S2). The only exemption was that 28-month-old males maintained on DR were not successful in the grip strength and beam balance tests (Fig. 6b-d) .
Concluding remarks
Aged C57BL/6J males are marked by reduced explorative activity; the decline is gradual and as discussed above possibly associated with (pathological) agingrelated changes in the central aminergic pathways. Dietary restriction impedes the emergency of many aging-related stigmata, and aged C57BL/6J males maintained on a modest food restriction were as active as young adult males in tests with an exploratory component. Aging also affects several other but not all behaviors examined here, and comparison with corresponding data recorded in female C57BL/6J indicates that the impact of aging on the behaviors in these tests are quite similar in males and females. Finally, the variance of behavioral changes evident in early aging (22 months old) can predict remaining life expectancy suggesting that these alterations reflect underlying biological aging.
